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8Diversity within populations
Paul M. Brakefield and Tim G. Shreeve
Within any butterfly population no two individuals
are identical. This applies both to their genes or
genotype and to their phenotype or set of individual
characteristics resulting from interactions between
the genes and the environment during development.
The reproductive success or fitness of an individual
depends on how well its phenotype is adapted or
fitted to the environment which it experiences Some
species of butterfly exhibit discrete genetic forms
which differ in wing pattern and which occur
together within populations. Research on such poly-
morphisms has contributed much to our under-
standing of the processes of adaptation to the
environment. Having first introduced some basic
concepts, this chapter describes work on poly-
morphisms in butterflies together with recent
ins ights into how wing patterns are developed. Rare
aberrations much beloved by butterfly collectors (see
Russwurm 1978) are not considered in detail here
since they are unlikely to be significant in evolution-
ary terms even when they have a genetic basis (see
Fig. 8.1). .
Early studies of the occurrence of discrete forms of
particular species of butterflies began to draw
attention to the ubiquitous nature of genetic varia-
tion and its evolutionary significance (see Ford 1975).
However, most variation in the genetic material does
not influence the external phenotype in any obvious
way. One example which will be described is that of
variation between individuals in the structure of
particular enzymes. Somewhat more obvious effects
are those that give rise to continuous phenotypic
variation which can be measured quantitatively
(chapter 9). An example of such variation in the life
histories of butterflies is examined later in t h i s
chapter.
H.I Genetic variation, natural selection, and evolution
The processes which can lead to differences in the
reproductive success of individuals within a popula-
tion involve random effects, such as the incidence of
weather resulting in density-independent mortality
(see chapter 4), and natural selection, in which some
component of the environment produces a predict-
able difference in fitness between genotypes.
Evolution occurs when there is some net direc-
tional change or cumulative change in the character-
istics of a population and in gene frequencies over
many generations. This definition excludes the type
of change associated with an unpredictable event
such as catastrophic weather which by chance
influences a group of populations in a single genera-
tion. Such an event may nevertheless have a strong
influence on the genetic make-up of the populations
and their future evolutionary responses to a chang-
ing environment. A similar effect may occur if a
population is reduced to a very small size and by
chance suffers a loss of some variants of the genes or
alleles within it. Such a loss of genetic variation may
then restrict the scope of subsequent evolution.
Similar random changes in genetic variation can be
associated with populations which are consistently
small, or with the founding of a new colony by a few
individuals. Such events involving chance rather
than selection are described as random genetic d r i f t .
The effects will tend to be erratic over time although
sometimes they will appear more progressive.
Natural selection is often thought of as resulting
from differential mortality. This is so in many cases
but it may also involve other differences such as
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those in fecundity, mating success or the ability of
individuals to obtain the fittest mating partners (the
last two are referred to as sexual selection) The
/»WCYSS of natural selection involves:
(a) variation between individuals in some trait:
variation;
(b) a consistent relationship between the trait and
mating abili ty, fer t i l i / ing ability, fertil i ty,
fecundity and/or survivorship: f i f / i c s s difference*;
(c) transmission of genetic influences on the t r a i t
from parents to o f f sp r ing : inheritance.
Given these conditions then:
(1) the frequency distribution for that trait will differ
among age classes or life history stages, beyond
that expected from development;
(2) if the population is not at equilibrium and hence
is evolving, the distribution of that trait in all
offspring in the population will be predictably
different from that in all parents (after Endler
1986).
As a result of this process, the distribution of a
trait may change in a predictable way over many
generations. However, to be able to make such a
prediction for a natural population one needs to have
a complete knowledge of the inheritance of the trait
and obtain rigorous estimates of relative fitnesses of
the various genotypes determining the trait for the
environments involved. In practice this is extremely
difficult because of the complexity of populations,
environments, and interactions between genes. The
differences in fitness may also be very small and
hence very d i f f i cu l t to detect or measure. The condi-
tions for natural selection show that differential
mortality wil l lead to evolutionary change only if it
results in differences in reproductive success among
genotypes In other words, if the mortal i ty involves
only phenotypes which differ because of some effect
of the environment and not because of some con-
tribution from heritable variation, there can be no
change in gene frequencies between generations.
F volution can therefore occur only when genetic
variation exists within populations. Such variation
ultimately has its source in the processes of mutation
which give rise, at very low rates, to new alleles of
the genes. Some of the rare aberrations found in
butterflies are due to such mutations occurring in
single genes (Fig. 8.1; see Tubbs 1978). If the new
allele or mutation is advantageous it may increase in
frequency within a population due to the influence of
natural selection. This type of change, in association
with a novel environment, was the basis of the
evolution of industrial melanism in the peppered
moth fl/sfoi/ betitlana (Brakefield 1987fl). The great
majority of mutations are, however, deleterious and
will therefore be selected against. Occasionally a
mutation which is not too disadvantageous may
increase in frequency in a particular population due
to random genetic dr i f t . New combinations of genes
also occur as a result of recombination processes
during the replication and assortment of chromo-
somes carrying the genes in the production of sperm
or eggs Such new combinations may produce novel
phenotypes because of the interactions which fre-
quently occur between different genes. Thus they
may also be important in enabling an evolutionary
response to a changed environment. However, if
such a mutation or genetic combination does not
arise, or is not available at the time of such a change,
then the population may become extinct This
illustrates the importance of not only generating
genetic variation but also maintaining it within
populations. The central role of natural selection in
these processes has been investigated using poly-
morphisms in butterflies.
8.2 Polymorphism and wing pattern forms
Ford (1940) defined genetic polymorphism as the
occurrence together in the same locality (population)
of two or more discontinuous forms ot a species in
such proportions that the rarest of them cannot be
maintained merely by recurrent mutation. This
excludes geographical races and continuously vary-
ing characters that are influenced by many genes,
both of which are discussed in the next chapter.
Genetic polymorphisms tha t produce discrete
phenotypes are controlled by major genes with large
effects or in some cases by so-called supergenes
consisting of a number of genes which are closely
linked on a chromosome so t ha t they are e f f e c t i v e l y
inherited as a single u n i t
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Fig. 8.1 The genetic control of the form obsoleta of the small copper L\/caena phlacas by a recessive allele. The
expected segregation of phenotypes and genotypes resulting from a cross between two hétérozygotes is shown. The
normal or wild-type is f u l l y dominant over obsolet a.
An individual butterfly has two copies of each of
its genes. This complement is referred to as the
genotype. Figure 8.1 il lustrates how in the simplest
case of a polymorphism involving a major gene with
two different alleles and exhibiting complete
dominance there will be three genotypes and two
phenotypes Where dominance is incomplete the
hétérozygote carrying one copy of each allele will
have a third phenotype which is to some degree
intermediate between the phenotypes of each of the
homozygotes Some more complex polymorphisms
are known to be controlled by allelic variation at two
genes, sometimes with interactions between them
An example of the inheritance of such a poly-
morphism involving epistasis (interaction) is shown
m Fig. 82. The figure includes a possible explanation
of the epistasis in terms of a metabolic chain of
pigment synthesis Variable characters or traits
which are determined by larger numbers of genes
are usually more cont inuous in nature and thus do
not exhibit a small number of discrete phenotypes.
Those discussed in chapter 9 are controlled by com-
paratively large numbers of genes each having a
small effect on the phenotype
A number of British butterflies exh ib i t colour
polymorphisms (Ford 1945). The two most striking
examples, each involving two alleles and complete
dominance, are the clouded yellow ColiuSCTOCeus and
the silver-washed f r i t i l l a r v / l r \> i /H»/ / s pap]ua. The cir-
cumstances associa ted with them are remarkably
n/z '(TS/fy within populations 1S1
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Fig. 8.2 An example of variation in wing pattern ol the |erse\ tiger moth Callintorphaquadripuncttria, controlled by
alleles at two gene loci on different chromosomes but with an interaction or epistatic relationship between them The
variation is that of the hindwing colour found in populations of C. quadnpunctana in south-west Fngland, the
Channel Isles and north-west France (Brakefield and Liebert 1985; Liebert and Brakefield 1990). The chequerboard
diagram shows the genotypes and phenotypes expected from a cross between double hétérozygotes. The expected
segregation ratio of the three possible phenotypes in such a cross is thus 9 red:3 orange:4 yellow. Two families
reared by Liebert from this type of cross yielded ratios of 28:16:12 and 25:8:14 which approximate to the expected
ratios At one gene locus the dominant allele Y controls the expression ol a colour other than yellow. If Y is present
then the other gene locus R determines whether the colour is orange or red 1'he > and R genes probably control
consecutive steps in a metabolic pathway of pigment synthesis as shown in the lower diagram When the first step is
inhibited in the y y genotype, because of a par t i cu la r en/vnie the second process controlled by the gene R cannot
occur.
182 Paul M. Brakefield and Tim G. Shreeve
similar. The males of each species are all alike irre-
spective of genotype. The rarer phenotypes, the pale
hehcc and dark valezina forms of C. croceus and
A. paphia respectively, are limited to females. These
forms are both apparently inherited as sex-controlled
dominants (Ford 1945): the allele controlling each
form is expressed only in the wing phenotype of
females (Fig. 8.3).
The species differ in their habits, especially in that
Cohas croceus is migratory, colonizing Britain in large
numbers only in exceptional summers (see chap-
ter 6) while Argynnis paphia is a non-migratory,
main ly woodland species. Ford (1945) gives details of
three large samples of C. croceus from different areas
of England in years when the species was abundant
These suggest that the frequency of lielice females is
of the order of 5 to 10 per cent. It is interesting that
there are numerous other species of Colias with
orange males in which the females are dimorphic
with male-like and rarer, paler female forms. The
B r i t i s h distribution of A. paplna includes southern
and western England, Wales, and most of Ireland
However, valezina reaches an appreciable frequency
indicative of polymorphism only in certain areas,
including parts of southern England and also, of con-
tinental Europe (Ford 1975). Here it constitutes about
10 per cent of females. However, a population study
over a number of generations would be most valu-
Parents
phenotypes
genotypes
gametes
F, -daughters
genotypes
phenotypes
3 hélice 1 normal
Fig. 8.3 The inheritance of a sex-controlled dominant as illustrated by a cross involving the pale hélice form of t i n -
clouded yellow Colias croceus. Male offspring, which are all a pale orange colour irrespective of their genotype, are
not shown The dominant H allele, although carried by both scxc-s is only expressed in females. The normal or wild-
type females with the same colour as the males are all recessive homo/ygotes.
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able to substantiate this, to determine whether, as
has been suggested, frequencies are higher in
warmer summers and to examine the survival and
movement of the forms
1 ord (1973) points out t ha t such genetic poly-
morphisms may be of two types. They may be
transient, in the case where one of the two alleles is
in the process of replacing the other, or balanced,
when there is some form of equilibrium resul t ing
from a balance of advantage and disadvantage The
present examples are probably of the la t ter type as
there is no evidence that they are recent in appear-
ance or that the forms are changing in abundance.
Ford (1945, 1975) argues vigorously that they are
likely to be examples of heterozygous advantage in
which the hétérozygote carrying one of each allele is
of higher fitness and at a selective advantage over
each of the homozygotes. This pattern of relative fit-
nesses, as occurs in the case of sickle cell anaemia in
humans in regions where malaria is endemic, will
give rise to an equi l ibr ium main ta in ing both alleles
in the population. Such an advantage is likely to be
based on some non-visual effect of the interaction
between alleles in the hétérozygote which produces
a higher viability during development. However,
there is no direct evidence for this mechanism being
involved in maintenance of the polymorphisms m
the butterflies. Additional genetic crosses beween
hétérozygotes which demonstrated a deficiency of
homozygotes of hélice or valezina would provide
strong support for a low viability of these genotypes
and suggest that Ford is correct.
Interestingly, a study of the North American
CO/MS ciin/tlicnic has demonstrated tha t the pale alba
phenotype (An genotype), which hicks nitrogeneous
wing pigment, develops more rapidly in the pupae
than the orange-coloured wild type (aa), especially
under cold conditions (Graham cf al 1980). Plant
tissue is low in available nitrogen and this is usually
considered to limit the growth of phytophagous
insects. Since the yellow pteridine wing pigment of
Colias butterflies represents several per cent of the
nitrogen budget of larvae, alba genotypes may be
able to develop more rapidly because nitrogen is not
diverted from growth into pigment synthesis. This is
not the only consequence of the diversion of
nitrogen resources to wing pigment synthesis which
is not directly related to the colour difference itseh
Thus alba females tend to retain in their fat-bodies
more of the resources derived by the larvae, to
mature their eggs more rapidly and to be more
fecund on a daily basis than orange females (Graham
cf al. 1980; Gilchnst and Rutowski T>8(->) This
demonstrates the type of non-visual effect which can
be associated with colour polymorphisms.
The visual differences associated with these poly-
morphisms in female butterfl ies appear to influence
the chance of obtaining a mate, a form of natural
selection known as sexual selection Thus Graham ct
al. (1980) and Gilchrist and Rutoswki (1986) report
tha t the alba phenotype ot Co/ins but terf l ies , includ-
ing C. c i /n / f / i cH/c . is less at t ract ive to males than the
normal orange coloration. Some observations made
by Magnus (1958) also provide some evidence for
similar differences in Ar$ynm* papliia. He demon-
strated experimentally that the normal brown
coloration of the female in combination with rapid
wing movement in f l ight must be provided to ensure
visual recognition by a distant male. The greenish
hue of vulezina females is less effective. There is,
therefore, probably a longer average time lag
between emergence and copulation for valezina
females These may tend to mate during chance
encounters while feeding at flowers when sexual
scents (see chapter 2) may aid species recognition
over short distances. This delay could adversely
affect their lifetime fecundity by reducing the time
available for egg-laying. It could also account for the
apparent association of substantial frequencies of
vnlezina with populations at high density, in which
delays in mating are less likely because the prob-
ability of chance encounters with potential males is
higher. Such selection against valezina can account
for the inabili ty of the valezina allele to spread
through populations to f i xa t i on replacing the wild
type allele I t can, however play no part in maintain-
ing the polymorphism Indeed, the reverse is the
case since such a disadvantage to the phenotype will
tend to lead to a progressive reduction in the fre-
quency of the valezina allele. Thus some other
mechanism such as heterozygous advantage is s t i l l
required to account for the persistence of poly-
morphism.
Both this polymorphism in Arcytint* papliia and
those in Colia* bu t t e r f l i e s have also been associated
with behavioural differences between the pheno-
Ivpes which may in combination with var iabi l i ty or
heterogeneity in the environment also play an
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important role in the selection regimes influencing
them. Thus the pale forms of Co/ias species may
show different levels of activity as a result of d i f -
ferent efficiencies of absorption of solar radiation
(Hovanit / 1948; Watt 1968. 1969, 1973; Kmgsolver
and Watt 1983«,b; see section 2.2) and valczma
females are said to prefer shadier conditions (Ford
1975). As explained below, the rarer colour form in
populations of A. paplna may tend to be relatively
less often taken by insectivorous birds than the
more abundant form. Furthermore, the colour forms
may differ in their conspicuousness to birds. The
direction of this difference may depend on whether
the woodland they are flying in is mostly shaded or
more open and sunl i t . Such differences in exposure
to prédation may be especially critical when females
are laying their eggs on tree t runks (Dennis, per-
sonal communication). Figure 8.4 indicates how
these various factors may interact with one another
to influence the frequency of the two alleles in
populations of the butterfly. Mark-release-
recapture experiments carried out by Gilchrist and
Rutowski (1986) suggest that orange females ol
C. eurythcme may be more likely than alba females
to move away from agricultural fields of their food-
plant, a l fa l fa . This may occur partly because of
greater harassment by males rather than as a by-
product of different thermal properties mentioned
above. The ephemeral nature of the fields of a l fa l fa
in combination wi th different ial dispersal behaviour
may tend to facilitate persistence of this polymorph-
ism m such habitats.
Another important means by which genetic varia-
tion can be maintained within populations is illus-
trated by extensive colour polymorphism in females
of the African mocker swallowtail Papilio dardatuif.
(Ford 1975). The various female forms that are
controlled by major genes are palatable Batesian
mimics of different unpalatable model species (see
sections 5.1.3 and 7.2.1). Many populations of
P. dardanus exhibit polymorphic females. These
polymorphisms are probably maintained by natural
selection which acts in the following, frequency-
dependent, way. When a particular colour form is
rare and its model is common, individuals with the
mimetic wing pattern will be well protected from
predators which will usually tend to mistake it for
the unpalatable model As the palatable form
increases in frequency relative to its model species,
its protection will decline because predators will
have relatively fewer encounters with the unpalat-
able model and will, therefore, be less likely to avoid
the palatable mimetic form. There will come a point
when selection will begin to operate against t h i s
particular colour form, driving it down in frequency
again. This illustrates how a polymorphic equi-
librium, in which the frequency of an allele oscillates
around a value between 0 and 1, can be maintained
by frequency-dependent selection. Experimental
work has recently failed to support the suggestion
that this mode of selection might influence the poly-
morphism in Co/iflS butterflies because of the
similarity in the appearance of the alba form to many
white pierids, some of which are unpalatable to birds
(Ley and Watt 1989; Watt et al. 1989). Thus Co/ias
and pierids from Colorado, USA, were not distaste-
ful to birds and they do not co-occur sufficiently to
support a mimetic relationship. In the case of the
colour forms of non-mimetic butterflies, which prob-
ably include /Uyt/Hi/is paplna (see chapter ^  p. 102),
the rarer a colour form is, the more protected it will
be because birds will be less likely to form a 'search
image', and thus to concentrate their hunting
activities on it rather than the alternative form (see
Fig. 8.4). This type of effect also introduces a
frequency-dependent component of selection which
wil l tend to maintain variation.
For the mimetic Papilio dardanus it is more com-
plex when one considers the different female forms
As one particular colour form declines in frequency
another form, controlled by a different allele and
which mimics a different unpalatable species that
has become more abundant, may independently
increase in frequency. There may, however, be some
interaction between the frequency of the different
forms, for example because of competition for larval
food or patterns of non-random mating (see e.g.
Gibson 1984; Smith 1984). These polymorphic colour
forms are probably restricted to females because the
general features of the non-mimetic male wing
pattern are important releasers of mating behaviour
in females during courtship (see Silberglied 1984).
Thus males which depart from the ancestral, non-
mimetic pattern may be at a disadvantage because
they are less likely to elicit mating in females. This
hypothesis is discussed, together with new evidence,
in detail by Clarke etal. (1985). A similar explanation
may also account for the fact that the non male-like
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Fig. 8.4 The interaction of factors
suspected to be involved in
maintaining the female-limited
polymorphism, form valczina, in
the silver-washed fritillary
Argynnispaphia. Rectangles, A.
pafhia variables; ellipses, factors
influencing A. papliia; octagons,
extrinsic system regulators. (After
R. L, H. Dennis, from data in
Magnus 1938; Ford 1973, and
Brunton ct al. 1990.) Form valc:ina
may be at a disadvantage in
populations which exist at low
density because of their failure to
emit appropriate mate-location
signals and possibly because of a
lower viability of individuals
homozygOUS tor the valczina gene.
This may be counterbalanced by
the reduced apparency of the
valczina morph to predators in
woodland, especially where
search images of predators are
cued into a wider, brightly
coloured, friti l lary guild. Other
advantages may be the wider
thermal tolerance and the mate-
solicitation behaviour of form
valczina females.
//(•//cc and i'lih'ziiin forms are only expressed in
females.
It is possible that this type of sexual selection is
also involved in the variat ion exhibited by females ol
many of the blues (Lundgren 1977; P. Rrakefield,
unpublished observation). Females ol species such
as the chalk hill blue Lysandra corithm and the
common blue Poh/ommattif icanif show more or less
continuous variation trom phenotypes which are
blue to others which are brown due to varying
densities of blue-reflective wing scales. The bluest
phenotypes are male-like and thus may tend to be
favoured by sexual selection elicit ing more rapid
courtship and copulation. In contrast, the brownest
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females tend to be more inconspicuous and may,
therefore, be favoured by increased crypsis leading
to higher survival rates. Such circumstances could be
involved in a balance of sexual and visual com-
ponents of natural selection maintaining the under-
lying genetic variation (see Dennis and Shreeve
1989). Climate and thermorégulation may also be
involved (see chapter 2 and Fig. 10.7b). Although
some genetic crosses have been performed, usually
with more extreme phenotypes (see Ford 1945;
Robinson 1971), more are necessary to establish the
modes of inheritance of this variation
8.3 The development of wing patterns
Variation in wing pattern within species is central to
many studies of processes of natural selection and
evolution in butterflies. Features of wing pattern are
often key characters in distinguishing between
related taxa. Some recent research has greatly
increased our understanding of how the elements of
wing pattern are determined during the develop-
ment of the wings beginning in the late larval period
or very early in the pupae.
Colour pattern determination can be considered to
be a three-step developmental process (Nijhout
1985, 1991). First is the determination of the position
and properties of signalling sources on the wing-
epidermis. This is followed by an activation of these
sources and the establishment of 'information
gradients' in the chemical substances (morphogens)
or signals they produce. The final step is the 'inter-
pretation' of these gradients by surrounding wing-
scale building-cells and their determination to
synthesize a specific colour pigment. In butterflies
there are no experimental data describing the first
step, but modelling studies (Bard and French 1984)
and comparisons of homologies of pattern elements
in species of Charaxes and other groups (Ni|hout and
Wray 1986) provide some support for the involve-
ment in comparative morphology of changes in the
properties of sources and in their number and
distribution on the wings. Evidence for the presence
of signalling sources which establish the information
gradients is discussed below. The main element of
the third step is assumed to be a threshold-sensing
function to such a signal by cells surrounding
sources.
The basic unitary model for wing pattern develop-
ment described ful ly by Nijhout (1985) incorporates
three sources or foci in each wing cell controlling the
patterns of the central banding system, the sub-
marginal eyespots and the chevrons of the wing
margins. Ni jhout (1980; 1986) has provided evidence
for the presence of foci controlling eyespot develop-
ment in the North American buckeye butterfly Precis
coenia. This species has a large, well-developed eye-
spot of concentric rings of pigment on the dorsal
surface of the forewing (which immediately under-
lies the pupal cuticle). The position of the focus
corresponds roughly to the central white pupil of the
developed eyespot and can be mapped precisely on
the developing wing-epidermis. If the focus is
removed or killed by inserting a fine needle and
applying heat (microcautery) soon after pupation no
eyespot develops. If it is removed at progressively
later times increasingly larger eyespots develop,
unt i l at about 48 h (at 29 °C) there is no difference in
average size between the experimental eyespot and
that on the untreated wing of the emerged control
adult . Thus in Nijhout 's system, the longer the pre-
sumptive focus is active, the larger the subsequent
eyespot will be. He also showed that the small focus
could be grafted to another area of the wing to pro-
duce an eyespot in a novel position. Closely similar
effects, to those discovered by Nijhout occur for eye-
spots on the forewing of the African satyrine Bici/c/ws
safitza (French and Brakefield, unpublished data).
The data from these experiments with Precis and
Bicyclus butterflies are consistent with propagation
of a signal by simple diffusion of a morphogen with
constant rates of diffusion and decay. This type of
model is illustrated in Fig. 8 5a. The concentric rings
of pigment are produced in response to certain
thresholds of the morphogen. Development of the
model illustrates how the shape and characteristics
of the eyespot can vary with the form of the
threshold responses of surrounding cells from the
simplest pattern of concentric rings to ellipses or
other shapes (Fig. 8.5b). If no cells are sensitive to
the amount of morphogen produced then the eye-
spot wil l not develop. A V-shaped chevron can occur
when the plane of response is tilted giving sensitiv-
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(a) Cb)
PATTERN
INFORMATION
INTERPRETATION
Fig. 8.5 Ni jhout ' s model for the determination of two common wing pattern elements in butterflies, (a) The develop-
ment of a simple eyespot comprising three concentric rings of different colour pigments, (b) The possible
transformation of such a pattern with the loss of the white centre to give a simple chevron. Cones represent the
concentration-profile' o) .1 substance or morphogen diffusing away from a point source or focus (F) within the area ot
the wing bordered by the two veins (V). A linear gradient is shown for ease of illustration. The lower diagrams
illustrate interpretation landscapes (IL). These involve variation among cells on the wing surface between the veins
in their response to the concentration of the gradient. Planes indicate the critical concentration at which cells register
the position of the outer edge of the black area of the pattern. This response to the gradient then specifies which
colour pigment the scale cells will develop later to give the patterns in the top diagrams. (After Nijhout 1985,
courtesy of H. F. Nijhout and Academic Press and Biosciemr.)
ity only proximally or distally. Further complexity of
pattern is introduced by involving sinks or different
patterns of distribution and shape of sources and
sinks (Ni jhout 1985). However, much research
remains necessary to establish the reality of the com-
ponents of this type of model. Such studies in
developmental biology will enable a clearer insight
into the complex interactions between genes and
phenotype and into constraints on the evolution of
wing patterns.
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8.4 Enzyme polymorphism
Proteins called enzymes catalyse the synthesis of the
various pigments in the wing scales which underlie
the great diversity of wing patterns found in butter-
flies. A large number of different enzymes catalyse
the many other biochemical reactions of metabolism
and development. Different alleles of a gene produce
changes in a particular enzyme. The development of
electrophoretic techniques in the 1960s for separat-
ing the different forms of an enzyme (called allo-
zymes) according to their mobility in an electrical
field on a gel, demonstrated the existence of sub-
stantially more heterogeneity in the genetic material
of individuals than had previously been thought.
This led to controversy about whether this genetic
variation was largely adaptive and influenced by
natural selection or whether it was mostly neutral
and influenced by random genetic drift (Lewontin
1974). Studies of variation in particular enzymes
have sought evidence for its adaptive nature but the
overall question is still unresolved.
Some surveys of enzyme variation have been
made in butterflies, although rarely on British or
European species (but see examples concerning
Piens by Geiger 1980, 1982; Courtney 19«2fc;
Lorkovic 1986) The most thorough study of a single
enzyme system is that by Watt and his co-workers
on phosphoglucose isomerase (PGI) in North
American Colias butterflies. This enzyme converts
fructose-6-phosphate to glucose-6-phosphate and
vice versa. It plays a role in the supply of these
metabolites from nectar and more generally in the
mobilization of carbohydrate energy reserves.
Watt (1977) showed that at least four to six PGI
alleles were present in natural populations. Func-
tional differences were identified between purified
allozymes which related to their heat stability and
their kinetic function or efficiency in catalysis. These
differences were consistent with the frequency data
for the alleles. For example, certain heat-sensitive
allozymes are at high frequency in tundra popula-
tions of Colias mcadii where overheating of adults is
quite rare while relatively heat-resistant ones are
more common in C. alcxandra flying in the warmest
period of the Colorado summer. Further studies
have substantially strengthened the case for direct
natural selection on the PGI gene alleles (Watt 1983,
1985; Watt et al. 1983, 1985). Survivorship and flight
activity differs among the genotypes but the direc-
tion of such differences can change between
temperatures. For example, certain hétérozygotes
which are kinetically most effective at low temper-
atures begin to fly earlier in the day and are active
over a wider environmental range than other geno-
types. These genotypes in males also tend to obtain
higher numbers of matings. At high temperatures
such genotypes may, however, survive less well
than thermally stable ones.
The overall results suggest that heterozygous
advantage in combination with changes in selection
associated with temporal fluctuations in the environ-
ment are responsible for maintaining this enzyme
polymorphism. The particular role of PGI in the
metabolic pathways may account for its apparent
position as the focus of intense natural selection
(Watt 1983, 1985). Much of the variation observed in
other enzymes is unlikely to be as strongly influ-
enced by selection (see section 9.1.4).
8.5 Seasonal polyphenism
The phenotypic expression of the various alleles
controlling a genetic polymorphism is dependent
solely or largely on genetic factors. There is little if
any influence of the environment during develop-
ment. There is, however, another way in which
discrete phenotypes or discontinuous forms can
arise in a population; that is by some environmental
factor acting in a switch-like manner to control
which of two or more developmental pathways are
followed. Such instances are called polyphenisms
and involve the phenomenon of phenotypic plastic-
ity (for more information see Schlichting 1986). Their
basic difference from genetic polymorphisms is that
each individual in a population has the genetic
capability to produce each of the possible pheno-
types I t must be emphasized that the ability to
exhibit phenotypic plasticity is under genetic control
which is itself influenced by natural selection Thus
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the form of the response to the particular range in
environment experienced by a population is under
genetic control.
In many polyphenic butterflies the different
phenotypes are associated with different seasonal
environments (Shapiro 1976). Although this pheno-
menon has been investigated in butterflies for over a
century its adaptive value is poorly understood I t is
only in those species of Pieridae that show increased
melanin deposition (a quantitative character) in
adul t s during the cool season that this has been
achieved (Watt 1969; Shapiro 1976). In some of the
more rigorous experiments Douglas and Grula
(1978), working with the North American Nathalie
/o/c, demonstrated that the higher density of melanic
scales increases the efficiency of absorption of solar
energy. This appears to facilitate a higher intensity
and duration of activity (see Roland 1982; Guppy
1986; section 2.2).
Phenotypic plasticity provides a means of adapta-
tion to environmental variation, whether in time or
space, when some external factor experienced during
development can act as a predictor of later environ-
mental conditions For a sedentary or short-lived
species in which any one individual experiences only
a subset of the variable conditions during a particu-
lar developmental stage, genetic polymorphism
would be a wasteful means of adapting to such
heterogeneity since in any one environment a pro-
portion of individuals would be mismatched.
In tropical environments seasonal polyphenisms
represent an important ecological alternative to
migration or complete cessation of development
(diapause) for coping with the extreme environment
of a dry season. Thus many species of satyrines in
the Old World tropics are characterized by different
forms occurring in the generations of the wet and
dry seasons (Brakefield and I.arsen 1984). The most
striking feature of these forms is that large, well-
differentiated eyespots are found in wet season
butterflies, but not in the dry season when they are
dramatically reduced or missing (see Fig. 5.2). All
individuals can respond to some environmental cue
to develop the appropriate form. Temperature
dur ing the f ina l larval instar has a major role in at
least two African species of Ricyclus. Larvae that
develop at constant high temperature produce the
wet season form while those that develop at a lower
temperature produce the dry season form. In the
seasonal environment inhabited by this species,
higher temperatures occur in the rainy season. Well-
developed eyespots and banding patterns are
favoured in the wet season when butterflies are
active and are 'forced' by habitat change to rest on
green herbage thus disrupting their crypsis In
contrast, butterflies are quiescent in the dry season
resting on brown leaf-litter after the dieback of
herbage. A highly cryptic pattern without distinctive
eyespots is favoured to avoid being picked out at rest
by browsing predators especially lizards (Brakefield
and Larsen 1984; Brakefield 1987b.c see further
discussion of spot patterns in chapters 5 and 9)
In general, polyphenisms in adult butterflies are
less striking and less frequent in species of the
temperate regions. A conspicuous example is, how-
ever, the occurrence of seasonal forms in the Euro-
pean map butterfly Araschnia Icvana which is
common in many regions of continental Europe
(Fig. 8.6). As in most examples of this phenomenon
in butterflies from temperate regions, the poly-
phenism is controlled by day length which changes
in a predictable way with season (see Shapiro 1976).
Day-length is less likely to be an effective predictor
in the tropics. A. Icvana has a fritillary-like pheno-
type in the late spring generation but has one similar
to the white admiral in mid-summer (Fig 8.6)
Studies of differences in behaviour and ecology
between butterflies of these generations within
colonies would be fascinat ing Does the spring form
behave like a fritillary with patrolling flight patterns?
Observations (P. Brakefield, unpublished data) sug-
gest that the summer form is rather similar to the
white admiral Ladoga Camilla with regard to the
predominance of perching behaviour (see chapter 2).
It h.is been suggested that it mimics this group of
/ . / » / r ; / i f i s butterfl ies (Shapiro 1976). Of the British
but terf l ies the lomma Po/i/yw/w c-albiim and the
speckled wood Parargeaegeria (see chapter 9) exhibit
seasonal changes in wing pat tern, al though to a less
marked degree than occurs in the tropical satyrines
or the map butterfly.
Polyphenisms which are at least part ly unrelated
to season occur in many butterflies at the pupal
stage. This phenomenon enables pupae of these
species to match the colour of their resting back-
ground which varies in space rather than in time. It
has been especially well studied in the whites, Picns
rapac and P. iiapi. and swallowtails including Papilio
Photophase (h)
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Fig. 8.6 The environmental control ot the seasonal forms of the map butterfly Araschnia Ici'ana. The primary
mechanism involves sensitivity to photoperiod; the longest and shortest days in the northern part of the butterfly's
distribution are about 16 hours 30 minutes and 7 hours 15 minutes, respectively. The dark form (prorsa) which fl ies in
the summer or autumn is produced when caterpillars are exposed to long day-lengths in early summer and do not
diapause. The pale form (levana) flies in late spring and develops after caterpillars have been exposed to shortening
day-lengths in the a u t u m n and have experienced a prolonged winter diapause in the pupae. The figure illustrates
how each form can be produced in the laboratory under appropriate conditions of day-length from a stock of either
parental form. I', parental generation, F, f i l i a l generation in the sequence as indicated by the number. The original
breeding work was carried out bv Müller (1955). (Redrawn from Wigglesworth 1964; courtesy of Weidenfeld &
Nicolson Ltd.)
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machaon. Two major sorts of environmental cues
induce this phenotypic plasticity in pupal colour:
optical and textural (Smith 1978, 1980; Hazel and
West 1979, 1983; West and Hazel 1985). Optical cues
include the colour of the site of pupation or of its
surroundings. In some species photopenod, temper-
ature, and relative humidity may also influence
pupal colour Insect hormones and other similar
factors are involved in mediating the biochemical
differences in pigmentation between the colour
forms as for example in the peacock Inachis in
(Maisch and Buckmann 1987). /'. machaon, as in
many other swallowtails has dimorphic, green or
brown pupae. West and Hazel (1979) released larvae
of three North American species of Papilio into then
natural habitats just before pupation. The larvae
were marked with UV-fluorescent paint so that the i r
pupation sites could be identified. Pupae were
usually found to match their resting background—
with green pupae on green stems or foliage and
brown pupae on bark and dead stems. One forest
species. P. y/r t i /ci /s . pupated very close to the ground
in the leaf-litter and had monomorphic brown
pupae. The pupae of all the butterflies which exhibit
polyphenisms are cryptic and rely on resemblance to
their resting background for survival during the
period of pupation which may occur overwinter
(section 5.5; see also West and Hazel 1982; Hazel and
West 1983). Smith (1978) found that green pupae in
/'. / i ( i / i / / cs result from prepupae which select a
smooth substrate to pupate on. while brown ones
occur on rough surfaces Green and brown sub-
strates m nature are dominated by relatively smooth
and rough surfaces respectively. Breeding studies
have demonstrated that heritable variation controls
the nature of the response to environmental factors
in swallowtails (Clarke and Sheppard 1972; Hazel
1977; Hazel and West 1982; Ha/el cl al. 1987) Selec-
tion on a laboratory stock can change the frequency
distribution of larvae which pupate on different sub-
strates
8.6 Life history variation
Polyphenism is a trait with a genetic basis whu h
facilitates success in seasonal environments. Season
ality in resource ava i l ab i l i ty , for example in host-
plants for larvae and suitable weather for adults,
imposes constraints on the number of generations
per year (voltinism) and their t ime of appearance
(phenology). A certain amount of variation in
phenology is environmentally determined. In
general, warm weather speeds development and
promotes early completion of l i f e history stages
(Brakefield 1987d) but t iming also involves a genetic
component. In most but terf ly species ol seasonal
environments which have discrete generations and
in which females usually mate only once, it is usual
for males to emerge before females (protandrv)
I ' a r l v emerging males are at an advantage over those
emerging later since they have the greater chance of
encountering fresh, unmated females (Wiklund and
Fagerström 1977) In territorial species this may
occur because first-emerging males are more likely to
establish territories at locations where the chance of
encountering receptive females is maximized (Wick-
man and Wiklund 1983)
8.6.1 Variation of the number of generations
In Britain some species (e.g. brimstone Gcnc/ ' fcn/ i
rhamin and wall brown l.iiwwHiata im-ycw : see
Table 4.3) have a constant number of generations per
year throughout their range Others (e.g. small
copper Lycactia phlaeas and Polyommatii* /amis) are
more variable, tending to have more generations in
warmer regions and in warmer years This flexibility
gives them the opportunity to exploit suitable sites
and seasons though there may be risks associated
with such a strategy. The mechanisms whereby
variation in generation number is maintained are
discussed below
The small tortoiseshell /l\>/rt/s urtuuc. which feeds
on nettle (Urtica ilioica). is normally bivoltine in
southern Britain, with emergences of adul ts in mid-
summer and in the au tumn The f i r s t generation
reproduces immediately whereas the second over-
winters as diapausing adults Another nettle-feeding
bu t t e r f ly , the peacock Inachi* i n , is normally uni-
voltine in southern Britain. Although spring adults
breed at the same time as A. urticac, offspring
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emerge later and form the overwintering generation.
In northern Scotland both species are univoltine but
with increasing distance south in Europe the number
of generations increases. Thus, in central France
A. urticae is trivoltine and ƒ. 10 is bivoltine In both,
there is a critical day-length or photoperiod above
which development is direct but below which
individuals enter diapause. In southern and central
Britain a small proportion of second generation
individuals of A. urticae do not enter diapause, but
produce a small third generation (Pullin 1986ö). This
third generation is rarely successful since the larvae
are usual ly in the second or third instar at the onset
of winter, which they cannot survive. In years when
June-August is exceptionally warm it can be
successful, producing diapause adults which emerge
early enough to feed before entering hibernation.
Two possible mechanisms may produce this third
generation. Larvae and pupae of the second genera-
tion could develop beyond the stage sensitive to a
diapause-inducing photoperiod before that critical
day-length occurs and, therefore, develop into adults
which are capable of immediate reproduction. Alter-
natively, the response of individuals within particu-
lar populations to specific day-length may vary; at
any given photoperiod a certain proportion of indi-
viduals will enter diapause and others will develop
directly.
Pullin (1986ö) has shown that the duration of
development in Aglais urticae is comparatively
uniform for populations from different geographic
areas (Table 8.1) and that the stage sensitive to
photoperiod is the late fourth and fifth instar. This
stage is close to that of the adult, enabling indi-
viduals to predict adult conditions accurately from a
prior environmental cue. The average response of
populations from different geographic areas were
dissimilar (Fig. 8.7), being the most flexible in
southern areas and enabling these populations to
produce another generation in favourable years
These results are similar to those of Lees and Archer
(1980), in which offspring of the green-veined white
Pieris napi from sites at different latitudes in Britain
produced contrasting proportions of diapause and
non-diapause pupae, indicating genetic differentia-
tion. However, in this species there appears to be an
interaction with temperature. Constant photo-
periods but different temperatures produce different
proportions of diapause and non-diapause pupae
from the same populations.
Insect photoperiodic responses are usually
controlled by one of three mechanisms. Diapause
induction may be controlled by single dominant
genes, segregating in simple Mendelian ratios, by a
number of closely associated genes which also
segregate as a single unit, or by a system of poly-
genie inheritance (see Tauber et al. 1986 for ful l
discussion). In the first two cases matings between
individuals with different diapause responses will
not usually produce offspring with a response
intermediate between those of the parents. A cross
between Aglats urticae from central Britain and
Table 8.1 The mean development time from egg to adult for Allais urticae and Inachis io from different localities
Temperature (°C) Mean development time (days)
Aglais urticae
15.0
20.0
25.0
27.5
Burren
53° 8'
62.5
30.5
21.0
19.0
Oxford
51° 46'
59.0
29.5
22.0
18.5
Burren
53° 8'
89.5
40.5
30.5
25.5
Oxford
51° 46'
85.0
43.0
32.5
26.0
Southampton
50° 55'
88 ( I
37.5
29.5
27.0
Obernai (France)
48° 28'
86.5
43.0
31.5
26.5
The latitude is given for each locality
Experiment conducted under I2:12h photophase
From I 'u l lm (19H6a)
Diversity ii'itliin populations 193
(a)
100
90
80
S 70
| 60
"O
m
 50
O)
c
1 40
•Q
5 30
20
10
0
B-§-
T Braemar & Eskdalemuir
a Chesterfield
° Burren
A Oxford
11 12 13 14 15 16 17 18 19 2 0 2 1 2 2 2 3 2 4
Photophase in hours
CM
Braemar
Eskdalemuir
Chesterfield & Burren
O x f o r d
20 40 60 80 1 0 0 1 2 0 1 4 0 1 6 0 1 8 0 2 0 0 2 2 0
Days from April 1st
Fig. 8.7 Diapause induction curves and photoperiods
for the small tortoiseshell Allais nrlicac from di f fe ren t
localities in Br i t a in ( I ' u l l i n I98f>rt ; courtesy of A. S.
I ' u l l i n ) . (a) Diapause induction curves; (b) photo-
periods. For all sites the greatest proportion of
individuals enter diapause at the shortest day-lengths,
but those trom northern latitudes require longer
photoperiods than those from southern la t i tudes to
develop directly. Such a requirement reduces the
number of generations in northern la t i tudes . I a t i tudes:
Oxford 51°4f« ' ; Burren, 53*8'; Ches te r f i e ld , 53° 14';
Eskdalemuir, 55° 12'; Braemar, 57° 2'.
central France produced an intermediate diapause
response, suggesting that diapause induction in this
species is under polygenic control (Pull in 1986«).
Such a system can produce a rapid and smooth
response to changing conditions (see chapter 9).
Variation of diapause response wi th in anv popula-
tion affords flexibility. The range of responses within
particular populations is probably maintained by
variation in temperature and sunshine between
years (Dennis 1983d; Pullin 198<->fl, 1986c). For
example, in an extended warm summer, larvae will
develop quickly, permitting time for a third genera-
tion. In cool summers, however, there will be
insufficient time for an extra generation and environ-
mental conditions will select against third generation
individuals. Genetic variation may be maintained by
variation in weather conditions between years.
Diapause responses within populations are com-
plicated by the relationship between the species and
the quality of its foodplant. As with many other
species, individual Allais iirticac which feed on food-
plants low in nitrogen develop into small individuals
that produce few eggs, have smaller energy reserves
and are poor competitors for mates (Pullin 1986/i).
These individuals will be at a disadvantage relative
to larger ones. In the absence of grazing and cutting,
the nitrogen content of llrtica dioica is higher in
spring than in late summer and first generation
adults are larger than those of the second (Dennis
1983d; Pullin 1987). In response to cutting and
trampling the plant produces regrowth leaves which
have a high nitrogen content similar to that of spring
leaves, making them more suitable for larval feeding.
Females will deposit most of their eggs on such
regrowth (Dennis 1984f, 1983d,c). Pullin (1986«)
suggests that the voltinism of this butterfly may well
have changed in response to grazing and cutting
because second generation adults which have fed on
regrowth leaves are larger and probably overwinter
more successfully than individuals which have fed
on older leaves. Furthermore, conditions for a third
generation are more favourable now because suit-
able hostplants are more abundant. In Britain,
hnicliis u' shows responses to photoperiod similar to
A. urticae but because development takes longer in
this larger butterfly there is insufficient time tor a
second generation (Table 8.1); consequently the
critical photoperiod for the onset of diapause is
longer than in A. urticae. In both species there are
costs and benefi ts associated with the period of
development. Individuals which develop in the
warmest and sunniest conditions grow most rapidly
but are the smallest (Baker 1972ft; Dennis 1983d;
Pull in 1986«). Consequently there is a la t i tudinal
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gradient of size, the largest and most fecund indi-
viduals being located in the most northerly regions.
The small heath Coenonympha pamphitus also has a
complex life cycle with a variable number of genera-
tions. It has a single brood in the north but as many
as three in southern Britain, though different indi-
viduals can have different development rates within
single populations (Lees 1962). At 12 °C about two
per cent of a predominantly univoltine Yorkshire
population developed directly in captivity to produce
a second annual generation. The remainder de-
veloped more slowly and went into diapause in the
fourth larval instar. By contrast, approximately
14 per cent of individuals from a normally biovoltine
south Devon population developed directly in
similar conditions. At 16 °C the proportion of such
individuals from both populations increased. Further
experiments (Lees 1965) in which directly developing
individuals were selected as parents, thereby sub-
stantially increasing the proportion of such indi-
viduals over three generations, indicated a polygenic
control (see chapter 9). The control of the number of
generations in this species is related to variation in
development rates in response to temperature rather
than to a variable photoperiodic response.
8.6.2 Variation in larval and pupal development
rates
The complexity of life history patterns involving
overlapping rather than discrete generations is well
illustrated by the speckled wood Pararge aegena
(Fig. 8.8). In central Britain the duration of the larval
stage varies considerably, some individuals develop-
ing quickly with four instars and others more slowly,
with five (Shreeve 1986b). Rapid development pro-
duces smaller adults and there is considerable varia-
tion in development rates within single families In
the first two larval stages development time is
relatively uniform but this becomes more variable in
the later stages, particularly for females. In central
Britain and southern Sweden the butterfly can over-
winter either as pupae or larvae (Shreeve 1986b;
Nylin et ai 1989) but in northern Sweden it over-
winters only as pupae (Wiklund et al. 1983).
This variability results in an unusual and diverse
life cycle since the pattern of adult emergence is
controlled by temperature, which influences the
development rate of all stages, and by photoperiodic
0.5
1983
Apr May June July Aug Sep
S 0.5
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Fig. 8.8 The pattern of adult emergence of the speckled
wood Pararge aegeria in 1983 and 1984 in Bernwood
Forest, Buckinghamshire. Throughout each year there
is a succession of adult emergences. This pattern does
not correspond to a synchronous emergence of succes-
sive generations but represents a more or less con-
tinuous emergence throughout the year following two
spring emergences. (From Shreeve 1986/7; courtesy of
The Royal Entomological Society.)
induction of diapause. A day-length of 11 hours pro-
duces diapausing pupae and also slows larval
growth (Lees and Tilley 1980) but a photoperiod of
16 hours does not (Shreeve 1986b). Nylin et al. (1989)
detail the complexity of response to day-length in
this butterfly; both day-length and temperature are
involved in the induction of diapause and larval
aestivation. Although the stage which is sensitive to
photoperiod in Britain is not precisely known there is
a time between mid-August and early October when
individuals which are sensitive will produce dia-
pausing, overwintering pupae. Cool weather during
this period will reduce the number of adults emerg-
ing in late summer because a greater proportion of
individuals will enter diapause than develop directly.
In warm summers more individuals will have de-
veloped beyond the stage sensitive to diapause
induction. They wil l then develop directly and
emerge as adul ts in late summer, extending the f l igh t
period.
This complex life cycle of Pararee aegeria raises
many questions about its causes and adaptive
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significance. Most stages may be present throughout
the year. Of the larval stages, probably only the third
instar can survive cold winters (Shreeve 1986/'). Cool
autumns slow development and second instar larvae
can be present in mid-November. These larvae die at
the onset of severe winter cold, but they may survive
a mild winter. Warm autumns speed up develop-
ment, individuals reaching the third instar before
winter. Variation in development time within
populations can produce high weather-related
mortality but it is probably maintained by variation
in weather between years, in a similar way to that in
t ho nymphalids (p. 193). It may also be influenced at
the individual level by females adopting a 'risk-
spreading' strategy. For example, pupae are attacked
in the autumn by the ichneumonid Apaclttht*
regulator (Cole 1967), but this parasite is active only
when air temperature is higher than 11 °C. There-
fore, early pupating individuals are more likely to be
attacked than later-formed pupae, though the latter
individuals run a higher risk of weather-related
mortality.
8.6.3 The genetic control of size
Adult size of the nettle-feeding nymphal ids and ot
Pararat' uc^cria is partly under environmental
control. The greatest influences are temperature and
food quality, though there must also be a genetic
element related to development rate. Variation in
adult size within populations is universal, but in
some species (e.g. Pierinae) it is more marked than
others (see Dennis and Shreeve 1989; Dennis, in
press). Extremely small or dwarfed individuals from
many populations ot most species are recorded in
tho literature: these are most frequently the result of
undernourishment and are usually environmentally
determined.
In seasonal environments the period when the
hostplant is suitable for feeding is limited, though
the time available for male and female larval
development is the same. Differences between male
and female sizes are therefore related to develop
ment duration—those remaining in the larval stages
the longest being the largest. In the majority of
species resident in Britain females are larger and
heavier than males. Those species in which male size
is greater than or equal to that of females (e.g. some
Lycaenidae and Pieridae) tend to be those which
engage in patrolling mate-locating behaviour (see
section 2.4) or those which have a long pupal stage.
Singer (1982) has associated the relative difference
between male and female size to the advantages and
costs of reduced development time in males In
species with distinct generations and in which
females mate once after emergence it is usually
advan tageous tor males to emerge early (see p. 34).
but this early emergence necessitates curtailment of
body size (e.g. purple emperor Apatura ins , Lrtsiom-
mata mryrra). When there is a long pupal period, as
over the winter (e.g. Antlwchans canlatnmc*), or
when adults do not mate after eclosion (e.g. GCHC;'-
tm/\ rhamin, /»adiis m) there is no advantage for
males to sacrifice larval development time to gain
early emergence and the difference in size of the two
sexes is slight Similarly, in species with overlapping
generations (e.g. Pararee acgcna). or when popula-
t ions may be periodically supplemented by indi-
viduals from other areas (perhaps the small white
Pirns rapac) there is no advantage in early eclosion of
males. In those few species (chiefly Lycaenidae) in
which males are larger than females other factors
must in f luence size, such as the need for male
mobility to locate females. Whilst the factors which
may influence size are readily identifiable, the
genetic basis for the control of body size in the
majority of species is not known.
Gilbert (1484<j, />.f , 1986, 1988) has demonstrated
that size in P/rns rapac is under polygenic control. In
this species large females can lay approximately
2(1 per cent more eggs than small females Genetic-
al ly large individuals have a lower threshold temper-
ature for development and grow more quickly at low
temperatures than do genetically small individuals.
At intermediate temperatures largo and small indi-
viduals grow at the same rate although at high
temperatures small individuals grow most rapidly.
but such conditions rarely occur. From development
rates alone large size should be favoured at almost all
times but size is variable within populations and the
distr ibut ion of size remains uniform with time
There!ore some other mechanisms must operate to
prevent the increase of adult body size of successive
generations In t e rmi t t en t catastrophically high
temperatures select against large si/e because ot
reduced hostplant avai labi l i ty but this alone cannot
,mount tor the maintenance ot uniform si/e distr i-
butions because there is little change of body size
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between such events. The mortality of larvae pro-
duced by large females is greater than that found for
small females, particularly when larval hostplants
are limited. Large adults have higher mortality rates
than do small adults. Therefore, the advantage of
large size in terms of fecundity is at least partly
balanced by a shorter period in which to lay eggs and
lower larval survival. Smith et al. (1987) argue that
these trade-offs are sufficient to maintain any
particular distribution of genetically determined
sizes. Gilbert (1984e, 1988), however, offers an
alternative explanation, suggesting that genetic
recombination can effectively balance advantages for
large size. This, it is argued, is the result of gamete
production and 'disassortative' mating, in which
individuals are as likely to mate with an individual of
a dissimilar size as a similar size. In this manner,
genetic combinations which produce large indi-
viduals are disrupted.
The extent to which variation in body size within
populations of other species is under genetic control
is largely unknown. Where such variation among
offspring of individuals is an advantage, as in areas
where weather is upredictable and where different
sized individuals have different activity levels (see
chapter 2), there may well be a genetic component to
size.
The interpretation of the significance of genetic
variation is fraught with diff iculty, primarily because
interactions with the environment are, by their
nature, complex, but also because the deguv lo
which variation in certain characters is genetically or
environmentally determined is usually not known.
However, genetic variation is of major importance in
facilitating success in diverse environmental condi-
tions as/ for example, the capacity to produce
seasonal forms and polymorphisms. Genetic varia-
tion is also essential to produce a response to
changes in climate and habitats. It is the key to
speciation and the production and maintenance of
local races and forms. These topics are the subject of
chapters 9 and 10.
